We investigated the CD8 ⍣ cytotoxic T lymphocyte (CTL) repertoire to an HLA B8-restricted peptide, RAKFKQLLQ, located in the Epstein-Barr virus (EBV) immediate-early protein, BZLF1. Repertoire selection was monitored by determining the TCR β chain sequences of RAKFKQLLQ-specific CTL established from primary infected and healthy virus carriers. PCR analysis of spontaneous EBVtransformed lymphoblastoid cell lines (LCL) from three individuals with primary infection showed that two were infected with type A and one with type B EBV. Polyclonal and clonal CTL that were generated by stimulating peripheral blood mononuclear cells with an HLA B8 ⍣ homozygous LCL lysed T cell blasts pulsed with the peptide, RAKFKQLLQ; lysis of certain HLA B8 ⍣ LCL targets was associated with the abundance of BZLF1 transcripts. TCR β analysis showed that while there was loop length restriction in the putative peptide contact site of all responding β chains, diverse and unique (non-recurrent) TCR β clonotypes were selected in individuals during primary infection and continued to emerge after long-term virus exposure. TCR-contact site heterogeneity was excluded as the selective force in diversity generation since the epitope-encoded sequences were found to be identical within endogenous virus isolates. In this first study of TCR repertoire selection for an EBV lytic antigen, a BZLF1-reactive component of diverse clonotypes was identified in primary type A or type B EBV infection which was sustained in the EBV-specific memory response throughout life-long infection. This diversity selection is likely to play a critical role in maintaining a balanced viral load throughout EBV persistence.
Introduction
Epstein-Barr virus (EBV), a ubiquitous human gammaherpes virus consisting of two subtypes, type A and type B (1) , is the etiologic agent of the self-limiting, lymphoproliferative disease, acute infectious mononucleosis (IM) (2) . Acute IM is characterized by intense viral replication in oropharyngeal epithelial cells (3) , tonsillar B cells (4) and by a high prevalence of virus-infected B cells in the peripheral blood (5) . Notwithstanding, a primary infection with EBV can result in an asymptomatic or mild to severe symptomatic seroconversion.
for type A viral antigens, although certain epitopes are crossreactive (7) . In contrast, very little is known about CTL epitopes in type B viral antigens (11) , and only a few epitopes have been defined in proteins associated with viral replication (12, 13) , the immunogenicity and prevalence of which in primary infection have still to be determined.
CTL recognize virus-infected cells through interaction between their TCR and the MHC-viral peptide complex on the target cell surface. The specificity of this interaction is determined by the TCR, which is a clonally distributed αβ heterodimer generated through somatic recombination of variable (TCRAV and TCRBV), diversity (TCRBD) and joining (TCRAJ and TCRBJ) gene elements (reviewed in 14) . Both restricted (oligoclonal) and diverse (polyclonal) antigenspecific TCR repertoires have been identified. A major unsolved question, however, is what determines the degree of structural TCR diversity for a given peptide and HLA restriction. The target peptide itself (15) , the overall avidity of the interaction, including the affinity of the TCR for its ligand, and the density of ligand presented are likely to be important. We have also shown that tolerance to self-antigens can broaden the range of responding TCR to a viral epitope in humans (16) . Beyond the primary selection event, progressive changes and refinement in TCR usage may also develop as a result of recurrent or persistent antigen challenge. Indeed, while diversity selection is likely to be important in maintaining the breadth of the TCR response, preferential selection of dominant clonotypes particularly well suited for specific recognition of target epitopes may be effective in the long-term memory response. Evidence of repertoire focusing upon repeat antigenic stimulation has recently been reported, with the selective accumulation of distinct groups of TCR in the memory population of cytochrome c-specific CD4 ϩ helper cells in mice (17) .
In the case of persistent infection with EBV where periodic reactivation and lytic replication of the virus throughout life ensures repeated exposure of the CD8 ϩ T cell pool to viral antigens, an extreme degree of TCR repertoire restriction has been found. A highly focused memory response is observed in long-term HLA B8 ϩ virus carriers to the latent EBV nuclear antigen 3 (EBNA3)-encoded epitope, FLRGRAYGL, in which a single invariant or public TCR dominates (18) . Additional repertoire focusing is further evident from (i) the high frequency of alternative public TCR that arises in response to this determinant when the dominant clonotype, which is crossreactive with HLA B*4402, is inactivated by tolerance in HLA B8 ϩ /B4402 ϩ individuals (16) , and (ii) the observation during acute EBV infection that distinct epitope-specific CTL clonotypes are expanded and preserved long-term in persistent infection (9) . Collectively, these findings provide strong support for a model in which persistent EBV infection is conducive to the oligoclonal expansion of distinct groups of virus-specific CD8 ϩ cells.
To further investigate CTL selection and TCR repertoire diversity in EBV infection, we studied the TCR β response to the replicative epitope, RAKFKQLLQ (residues 190-198) , in primary and persistent infection. This antigenic determinant is encoded within the immediate-early transactivator of virus replication, BZLF1 (also termed Zta or ZEBRA), of both type A and type B EBV, and is recognized by class I-restricted CTL in HLA B8 ϩ healthy virus carriers (12) at high precursor frequencies (19) . In the present work, we show, for the first time, that CTL generated in culture from individuals undergoing a primary infection with type A or type B EBV recognize the lytic epitope, RAKFKQLLQ, with a diverse TCR β repertoire that is maintained long term in healthy virus carriers.
Methods

Cell donors
Blood samples were taken from HLA B8 ϩ donors HB, LC and BT that were IgM ϩ for EBV viral capsid antigen (VCA) and IgG -for EBNA, a serological profile indicating a primary infection with EBV (20) . Donors HB and LC had been selected for a phase I EBV vaccine trial, but were excluded from the trial when they seroconverted following a primary infection prior to vaccination; LC was diagnosed with mild clinical symptoms and HB seroconverted asymptomatically. The third donor, BT, was diagnosed with acute IM based on serology and clinical symptoms that included swollen posterior cervical lymph nodes, fever and pharyngitis. Donor BT was studied longitudinally during the acute IM stage [referred to as BT(I)] and at 85 [BT(II)] and 196 days [BT(III)] post-diagnosis when the patient showed recovery from the disease and IgG EBNA antibodies developed (VCA IgG ϩ , EBNA IgG ϩ ). Blood was also taken from two healthy (VCA IgG ϩ , EBNA IgG ϩ ), longterm HLA B8 ϩ virus carriers, ISM and MS. Donors ISM and MS were infected with type A and type B virus respectively, based on T cell regression (21) and A-and B-specific CTL epitope responses. Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood by centrifugation over Ficoll-Paque (Pharmacia Biotechnology, Melbourne, Australia). The HLA B8 ϩ status of each donor was initially determined by FACScan analysis of PBMC using an anti-HLA B8 mAb (clone 59HA-1; One Lambda, Los Angeles, CA) and confirmed by serological typing of the donor's PBMC.
Establishment and maintenance of cell lines
Autologous LCL were established from donors HB, LC and BT by transformation of B cells with exogenous type A EBV (QIMR-WIL isolate) as described (22) . Allogeneic LCL from an HLA B8 ϩ donor, JS, were transformed with the type A IARC-BL74, B95.8 or IARC-BL36 isolates, or type B Ag876 or L4 isolates as described (22) . Spontaneous LCL that were infected in vivo with the donor's endogenous virus were generated from donors HB, LC and BT in limiting dilution cultures (23) . LCL were routinely maintained in growth medium consisting of RPMI 1640 medium, 2 mM glutamine, 100 IU/ ml penicillin, 100 µg/ml streptomycin and 10% (v/v) heatinactivated FBS. PBMC were stimulated with phytohaemagglutinin (PHA) as described (24) . PHA blasts were maintained in continuous culture for 6-8 weeks in growth medium containing 20 IU/ml rIL-2 (25, 26) .
EBV strain typing
Spontaneous LCL containing endogenous EBV isolates were generated from donors HB, BT and LC as described (23) . The virus infecting spontaneous LCL was identified by PCR analysis using type-specific primers as previously described (27) .
Generation of polyclonal EBV-specific CTL in primary infection
Polyclonal EBV-specific CTL from donors HB, LC and BT were established in PBMC cultures stimulated with the γ-irradiated (80 Gy) LCL from the type A EBV, HLA-A1/B8 homozygous individual BM at a stimulator:responder cell ratio of 1:20. The growth medium was supplemented with 20 IU/ml rIL-2 to avoid apoptosis of in vivo activated T cells (28) . Polyclonal CTL were amplified in culture with biweekly re-stimulation with rIL-2 and γ-irradiated BM LCL.
Agar cloning of T cells
T cell colonies were generated from primary infected donors (HB, LC and BT) and healthy virus carriers (ISM and MS) as described (29) , except that PBMC from the primary infected donors were exposed to growth medium containing 20 U/ml rIL-2 after their isolation over Ficoll-Paque to avoid apoptosis of T cells (28) . Briefly, ex vivo PBMC were activated by stimulation with the γ-irradiated (80 Gy) LCL from the type A EBV, HLA-A1/B8 homozygous individual BM at a stimulator:responder cell ratio of 1:20. After 3 days, dispersed cells were seeded in 0.35% agarose (SeaPlaque; FMC BioProducts, Rockland, ME) containing RPMI 1640 medium, 10% FBS, 25% (v/v) supernatant from MLA-144 cultures (TIB-201; ATCC, Rockville, MD) and 30 U/ml rIL-2. Colonies were harvested after a further 3 days and amplified in culture with biweekly re-stimulation with rIL-2 and γ-irradiated BM LCL. Colonies were routinely immunophenotyped using directly labelled mAb to CD4 (Leu-3a-FITC) and CD8 (Leu-2a-phycoerythrin) (both from Becton Dickinson, Sydney, Australia), and flow cytometry was performed on a FACScan (Becton Dickinson). CTL colonies were initially screened using the rapid visual T cell-T cell killer assay (30) to identify RAKFKQLLQ-specific CD8 ϩ CTL colonies.
Cytotoxicity assay
Polyclonal CTL and epitope-specific CTL colonies were used as effectors against BM PHA T cell blasts, with and without adsorbed peptide (100 µg/ml, 0.5 ml), and HLA B8 ϩ LCL. The EBNA3-encoded, HLA B8-restricted peptides, FLRGRAYGL and QAKWRLQTL (31), were included in each assay as specificity controls. Peptides were purchased from Chiron Mimotopes (Melbourne, Australia), dissolved in methyl sulphoxide and diluted in serum-free RPMI 1640 medium for use in cytotoxicity assays. Target cells were incubated with 100 µCi of 51 Cr at 37°C for 90 min, with and without peptide, washed twice by centrifugation, and used in standard 4 h 51 Cr-release assays. The mean spontaneous lysis for targets in culture medium was Ͻ20%, the mean maximum lysis in 0.5% SDS was Ͼ90% of total uptake and the variation about the mean specific lysis was Ͻ5%.
RNA isolation and cDNA synthesis
Total RNA was extracted from 1-5ϫ10 6 CTL or LCL using Total RNA Isolation Reagent (Advanced Biotechnologies, London, UK). For BZLF1 and TCR transcript analysis first strand cDNA was synthesized using an oligo(dT) primer and an antisense TCRBC primer (C b1 ) (18) respectively. Firststrand cDNA was synthesized from 2-5 µg of total RNA, and this was followed by RNA hydrolysis and the removal of excess primer as described previously (18) .
Semiquantitative PCR analysis of BZLF1 gene expression
Semiquantitative PCR analysis of the relative amount of BZLF1 transcript was performed during exponential increase of PCR product [32 cycles for BZLF1; 22 cycles for β 2 -microglobulin (β 2 m)] using intron-spanning primers (exon 1-2/3) (32) specific for BZLF1 and β 2 m (33). Amplifications were performed in 25 µl reaction volumes using 2 µl cDNA, 10 pmol of each 5Ј and 3Ј primer, 200 mM dNTPs, 20 mM MgCl 2 , 1.25 U of Taq polymerase (Ampli-Taq), and a GeneAmp PCR 9600 system (Perkin-Elmer Cetus, Norfolk, CT) with cycles of 94°C for 20 s, 60°C for 40 s and 72°C for 40 s. Amplified products were separated on 2% agarose gels containing ethidium bromide and the fragments were quantified densitrometrically using ImageQuant software version 3.3 (Molecular Dynamics, Sunnyvale, CA). The single BZLF1 PCR product was directly sequenced to confirm its identity according to the conditions described below. , and a GeneAmp PCR 9600 system (Perkin-Elmer Cetus). The PCR conditions consisted of denaturation at 95°C for 15 s, annealing at 60°C for 40 s and extension at 72°C for 40 s for 35 cycles, followed by a 5 min final extension at 72°C. β-Actin was also amplified as a control for cDNA integrity (36) . Positive reactions for a particular primer set were tested further by PCR using individual 5Ј V β primers and the 3Ј C β primer. PCR products were excised from 2.5 % (0.5ϫTris-buffered EDTA) NuSieve GTG agarose gels (FMC BioProducts) and purified using a QIAEX gel extraction kit (Qiagen, Chatsworth, CA). Recovered PCR products were sequenced in both directions with a PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit and a 373A DNA sequencer (Applied Biosystems, Foster City, CA). Nucleotide sequence analysis of PCR products that revealed more than one specific sequence were subsequently ligated into the pGEM-T vector system (Promega, Madison, WI). The nucleotide sequence of six clones was determined for each ligation.
Amplification and sequencing of rearranged TCR β sequences
RAKFKQLLQ epitope sequencing of endogenous EBV isolates
The EBV sequences within the RAKFKQLLQ epitope region in spontaneous LCL containing endogenous EBV isolates (23) were determined by RT-PCR amplification of BZLF1 transcripts using intron-spanning primers (32) followed by direct sequencing according to the conditions described above. 
Results
Identification of RAKFKQLLQ-specific CD8 ϩ CTL in the primary immune response to infection with type A or type B EBV
In this study, the polyclonal and clonal CTL response to the HLA B8 ϩ -restricted peptide, RAKFKQLLQ, was investigated in primary infected donors. To determine the EBV type involved in the primary infection of donors HB, LC and BT, endogenous virus infecting their spontaneous LCL was identified by PCR analysis using type-specific primers. The data in Fig. 1 show unequivocally that the spontaneous LCL generated from donors BT and LC were infected with type A and the HB spontaneous LCL with type B EBV. The type B status of donor HB was also confirmed by a T cell regression assay showing that HB T cells prevented the outgrowth in culture of B cells transformed with type B, but not with type A EBV, and by their lack of a CTL response to type A-specific epitopes, FLRGRAYGL and QAKWRLQTL (data not shown). By contrast, donors BT and LC responded strongly to these type Aspecific epitopes (data not shown). Thus, donors BT and LC were undergoing a primary infection with type A, and HB with type B EBV, but dual infections cannot be completely excluded.
To demonstrate the presence of RAKFKQLLQ-specific CTL precursors in the primary immune response to EBV, polyclonal CTL were used as effectors against HLA B8 ϩ BM PHA T cell blasts pulsed with the RAKFKQLLQ peptide. The cytotoxicity data in Fig. 2(A) clearly show that the polyclonal CTL from donors BT, HB and LC strongly lysed peptide-coated BM blasts, but not uncoated control blasts. These findings were substantiated by analysing CTL colonies generated from the three donors. Initially, to identify RAKFKQLLQ-specific CTL colonies, CD8 ϩ (Ͼ98%) colonies were screened using the rapid visual T cell-T cell killer assay. The EBNA 3-encoded, HLA B8-restricted peptides, FLRGRAYGL and QAKWRLQTL, were included in each assay as specificity controls. RAKFKQLLQ-specific CTL colonies did not cross-react with these peptides (data not shown) and were used as effectors in 51 Cr-release assays against BM PHA T cell blasts, with and without adsorbed RAKFKQLLQ peptide, and HLA B8 ϩ LCL. In Fig. 2(B) , the cytotoxicity profiles of representative CTL colonies from donors BT, HB and LC show that each colony lysed peptide-coated, but not uncoated, BM blasts. Moreover, three representative colonies [BT(I)142, HB39 and LC5] shown in Fig. 3(A) lysed type A BM, HB and LC targets, but the type A BT LCL target was only poorly lysed even though each LCL target was exogenously infected with the QIMR-WIL strain of EBV. A representative colony [BT(I)119] shown in Fig. 3(B) lysed type A and type B, HLA B8 ϩ LCL established from an allogeneic donor JS by exogenous infection with different strains of EBV confirming that the RAKFKQLLQ peptide was common to both viral types.
Semiquantitative PCR analysis using BZLF1-specific primers was used to determine the relationship between abundance of BZLF1 transcript in target LCL and their sensitivity to lysis by BZLF1-specific CTL. The data in Fig. 4 show that the BM, HB and LC LCL that were prone to lysis, in three separate experiments, consistently expressed 16-to 20-fold more abundant BZLF1 transcripts than the poorly lysed BT LCL. These findings were substantiated by using an anti-BZLF1 mAb (37) in an immunofluorescent assay to show differences in BZLF1 protein expression between the different LCL (data not shown).
Selection of TCR β diversity in the RAKFKQLLQ-specific response during acute infection
TCR repertoire selection was analysed by TCR β chain determination of RAKFKQLLQ-specific CTL from primary infected and long-term healthy HLA B8 ϩ virus carriers. The TCR β (V-D-J-C) rearrangements expressed by these colonies were identified using TCR V β family-specific PCR followed by direct sequencing. Only the β chain of the heterodimer was determined since, unlike the α chain, the control of β expression by allelic exclusion usually results in only a single in-frame rearrangement in each T cell clone (38) .
Analysis of the TCR β sequences from the three donors, HB, LC and BT, undergoing primary EBV infection showed that most colonies expressed a single productively rearranged TCR β transcript confirming their clonality (Fig. 5) . Considerable heterogeneity was observed in the T cells responding to RAKFKQLLQ both within and among the three different donors. Although for mixed colonies that expressed more than one productively rearranged TCR β chain, the specific antigen receptor could not be assigned, heterogeneity selection was also evident from the non-recurrence of the transcripts. Of the RAKFKQLLQ-specific TCR, no preferential usage of specific TCRV or TCRJ genes was found; five of seven used unique TCRV gene elements and three of seven used unique TCRJ gene elements. Of the few clones that shared either TCRV [LC50 and BT(I)173] or TCRJ [LC5 and BT(I)142; LC34 and BT(I)173] gene usage, none were found to share both TCRV or TCRJ usage. The complementarity determining region 3 (CDR3), that directly contacts the peptide epitope (39-41), was also unique to each T cell clone having no structural motifs in common with any other β chain. However, a CDR3 length restriction of 9-13 amino acids was observed in all of the clones, indicating structural constraints on the molecular interactions between the TCR and the peptide-MHC target [reported CDR3 lengths range of 5-17 amino acids (42)]. Another notable feature of the RAKFKQLLQ memory response in these donors was the lack of detection of recurrent clonotypes, reinforcing the heterogeneity of the responding repertoire.
Maintenance of TCR β diversity in the RAKFKQLLQ-specific CTL response following acute infection and in healthy virus carriers
Having established TCR diversity selection during primary infection for the RAKFKQLLQ response we next monitored the effects of persistent virus infection on β chain development. RAKFKQLLQ-specific colonies were generated at two addi- (70) , is shown putatively supported by two framework branches (FW) and the CDR3 amino acid length is reported. TCRBJ germline sequences are underlined and in normal print. Putative TCRBD germline sequences are italicized and underlined. A non-productively rearranged TCR β chain was also detected in clones HB40 and LC50. Colonies HB40, HB39 and BT(I)66 were found to be mixed with the expression of more than one productively rearranged transcript.
tional time points after primary infection in donor BT; clones BT(II) were generated 85 days post clinical diagnosis and BT(III) after 196 days. The RAKFKQLLQ specificity of these colonies was confirmed by the rapid T cell-T cell assay and 51 Cr-release assays (data not shown). In all colonies except one [BT(III)36] a single in-frame TCR β rearrangement was detected (Fig. 6A) . Each time point analysis revealed a unique set of TCR responding to RAKFKQLLQ, with no patterns of TCRV, TCRJ or CDR3 amino acid conservation. The only structurally similar clones were BT(I)74 (Fig. 5) and BT(II)114 (Fig. 6A ) that shared BV6 gene usage and the CDR3 amino acid sequence, SLILXG. Interestingly, the CDR3 loop length restriction that was evident during primary infection continued to be selected for in persistent infection, with all the colonies having a CDR3 length of 8-11 amino acids. Altogether, this longitudinal analysis showed no dramatic RAKFKQLLQ clonotype selection, but rather the maintenance of TCR β diversity. TCR β chain sequence analysis was also extended to an HLA B8 ϩ type A and type B healthy virus carrier, ISM and MS respectively (Fig. 6B) . The RAKFKQLLQ specificity of these colonies was confirmed by the rapid T cell-T cell assay and 51 Cr-release assays (data not shown). As was the case in primary infection, non-recurrent rearrangements with a diverse TCR β repertoire usage and a restricted CDR3 length were identified in all of the clones from these donors except in the case of ISM52 and ISM28 which expressed identical β chain transcripts. Overall, comparison of all the RAKFKQLLQ-reactive clones and colonies from the five HLA B8 ϩ donors showed that each individual responded with a diverse and unique or 'private' TCR β repertoire that showed no dramatic signs of focusing after long-term virus exposure. These findings are different to our previous TCR studies of EBV-specific CD8 ϩ memory clonotypes in which oligoclonal expansions have readily been identified from similar numbers of clones analysed in latent viral epitope responses from donors, some of which are included in this study (BT and ISM) (9, 16, 18) . One possible explanation for the selection of this diverse TCR β response is the presence of sequence variation in potential TCR contact sites within the viral epitope. Variation in the RAKFKQLLQ epitope at non-anchor residues not affecting CTL recognition has been reported (12, 43, 44) . In the present study epitope variation was investigated by sequencing the RAKFKQLLQ region of endogenous EBV isolates from acute donors HB and BT (Table 1) . As shown in Table 1 , no sequence variation was detected in the HLA B8-restricted BZLF1 epitope of virus isolates from donors HB and BT during the course of primary infection. Thus, it is unlikely that the diversity and lack of Fig. 6 . TCR β junctional region sequences of RAKFKQLLQ-specific CTL clones and colonies isolated from donor BT after primary infection (A), and from the long-term virus carriers ISM and MS (B). Clones BT(II) and BT(III) were generated 85 and 196 days after primary infection respectively. A non-productively rearranged TCR β chain was also detected in clones BT(II)61, BT(II)119, ISM52, ISM28 and MS27. TCRBV, TCRBJ and TCRBD gene segments, and CDR3 region loops are presented and assigned as outlined in the legend of Fig. 5 . Colonies BT(III)36, ISM58 and MS7 were found to be mixed with the expression of more than one productively rearranged transcript. detection of public β chain rearrangements in the RAKFKQLLQ memory response of HLA B8 ϩ individuals is the result of stimulation by different geographical isolates in vivo.
Discussion
The immediate-early protein, BZLF1, is potentially a vital target antigen for EBV-specific CTL surveillance. Firstly, BZLF1 is a pivotal protein in the viral replication cascade (45) , and is expressed early during the lytic cycle in epithelial cells of oral hairy leukoplakia and productively infected malignant or transformed B cells (46, 47) . Therefore, lytically infected cells could potentially be eliminated by BZLF1-specific CTL before the release of mature virions during the course of a natural infection. This immune strategy is essential to keep a balanced virus load during the life-long persistence of EBV in B cells (48, 49) . Indeed, the elevated levels of serum antibodies to BZLF1, or the increased frequency of spontaneous LCL outgrowth in culture, in individuals with EBV-associated malignancies or disease (50) (51) (52) could be attributable to a dysfunctional CTL control of EBV replication. Secondly, our finding that RAKFKQLLQ-specific CTL are present in individuals undergoing a primary infection with either type A or type B virus shows that the epitope segregates independently of intertypic variation. Instead, segregation is more likely to correlate with the observed geographic distribution of strain variation in BZLF1 (12, 44) . Since the incidence of type B virus in many populations is probably considerably higher than initially appreciated (1, 53) , any effective peptide-based antiviral therapy will need to include immunodominant peptide epitopes common to both viral types. The RAKFKQLLQ peptide satisfies these criteria as we have shown that the CTL precursor frequency to this peptide in healthy type A or type B virus carriers is immunodominant, indicating antigendriven selection in the memory T cell compartment (19) .
CTL targeted to epitopes in latent EBV determinants have recently been detected in the peripheral circulation of individuals affected by IM (9, 10) . It has been suspected that the active replication of EBV in the lymphoid and epithelial cell compartments in IM also provides a focus for CTL induction against antigens associated with viral replication. Recently, a class II antigen-restricted CTL epitope has been mapped to 
The nucleotide sequence of the prototype B95.8 strain is shown for comparison. Endogenous EBV isolates were amplified in spontaneous LCL generated from donor BT at different time points during [BT(I)] and following [BT(II) and BT(III)] primary infection and from donor HB.
b Dashes indicate identity.
the EBV-encoded BHRF1 protein, a 17 kDa component of the restricted early antigen complex (13) . The present study extends the repertoire of known EBV-specific CTL reactivities in the primary antiviral immune response, to a diverse population of BZLF1-specific CD8 ϩ clonotypes. It is possible, at least in vitro, that the CD8 ϩ RAKFKQLLQspecific CTL recognize both exogenously and endogenously processed peptides in the context of HLA B8 molecules. Since LCL cultures usually contain Ͻ1% of cells in the lytic cycle, the failure of RAKFKQLLQ-specific CTL clones to effectively lyse BT LCL may have occurred because of a limiting amount of BZLF1 protein available for endogenous and exogenous processing. Thus, RAKFKQLLQ-specific CTL may recognize the BZLF1 peptide that has been processed (i) endogenously by LCL in the lytic cycle and (ii) exogenously by co-resident cells in the latent cycle following their uptake of BZLF1 protein from disintegrating, lytically infected cells in culture. Certainly it has been shown that CD8 ϩ CTL can recognize exogenously processed peptides presented by class I MHC molecules (54) . Moreover, the concentration of processed peptide presented on the surface of LCL is obviously important in determining the lytic outcome (55) .
Our results demonstrate that TCR β chain usage in the RAKFKQLLQ primary and memory responses is diverse and privately expressed in different HLA B8 ϩ individuals. The general lack of detection of recurrent clonotypes in any one individual, even from the same in vitro stimulation, adds support to heterogeneity selection within the responding RAKFKQLLQ-specific repertoire. This is in contrast to the selective clonotype expansions that have previously been defined for two other HLA B8 ϩ -restricted latent EBV epitopes, FLRGRAYGL and QAKWRLQTL (9, 16, 18) . One possible factor contributing to repertoire focusing in persistent EBV infection is lymphocyte competition and preferential selection of highavidity clonotypes over repeated antigen exposure. Oligoclonal T cell expansions have also been found in the epitopespecific memory responses of other persisting or reinfecting viruses such as HIV (35) , HTLV (56) and influenza (57) , strengthening the possibility that with successive antigen encounters the responding antiviral repertoire is selectively amplified.
In the case of RAKFKQLLQ, antigen-driven selection was evident from the CDR3 loop length restriction that was maintained in TCR β chain usage throughout both primary and persistent infection. The clonotype diversity observed may be strongly dependent upon the RAKFKQLLQ epitope's structural conformation and on the stimulation of only low-avidity TCR rearrangements. An analogous situation is thought to occur in the private repertoire selection to hen egg lysozyme in mice; the apparently random emergence of private TCR is thought to be linked with their low affinity for antigen (58) . Alternatively, the association of BZLF1 with the lytic viral cycle, its localization and distribution in vivo may be important. Compared to the restricted expression of EBNA3 in transformed B cells, BZLF1 is more widely expressed by productively infected B cells, oropharyngeal epithelial cells (59) and bone marrow cells (60) . Moreover, a high frequency of BZLF1 transcription has been reported in PBMC of healthy virus carriers (60) . Consequently, abundant antigen presentation within the different immunological milieus may allow for noncompetitive re-stimulation of a broad avidity CTL response at high precursor CTL frequencies. Under such conditions, persistent infection, epitope immunogenicity and immunodominance may not influence repertoire diversity selection. The concept of anatomical environment diversity in shaping the phenotype of viral immunity has been put forth by Doherty (61) . In addition, the repertoire may be influenced by exposure to other antigens that stimulate cross-reactive T cell responses, in which case a broad low-affinity TCR response may be more susceptible to cross-reactions. Reactivation of memory CD8 ϩ CTL by heterologous virus infections and resulting disruption to precursor CTL frequencies has recently been demonstrated (62) .
Taken overall, the CTL control of EBV appears to involve selection of both restricted and diverse epitope-specific CD8 ϩ TCR repertoire responses. Despite the potential pressures of persistent virus challenge, this study shows that polyclonality in responding TCR can be maintained throughout life-long infection. The apparent plasticity of the TCR repertoire in maintaining highly restricted and diverse antiviral clonotypes is likely to be important in the balance of immune control between viral replication, viral persistence and elimination by CTL surveillance. In immunocompromised individuals, an increased level of virus shedding has been correlated with a higher incidence of EBV-infected B cells in the peripheral blood (63) . Moreover, an increased virus load is indicated in primary and secondary immunocompromised individuals by the elevated levels of serum antibodies to EBV replication antigens (64, 65) . Such individuals are at higher risk of developing EBV-associated lymphomas (66) . The infusion of autologous EBV-specific CTL into bone marrow transplant recipients has resulted in the regression of EBV-associated immunoblastic lymphomas that usually express the full array of EBV latent proteins (67) . Likewise, it may be opportune to adoptively transfer autologous BZLF1-specific CTL into individuals with an excessive EBV load to alleviate disease and reduce the risk of developing EBV-associated malignancies that can evade CTL surveillance. 
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